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ABSTRACT: Herein we describe the C−O cleavage of phenol
and cyclohexanol over Rh(111) and Rh(211) surfaces using
density functional theory calculations. Our analysis is comple-
mented by a microkinetic model of the reactions, which indicates
that the C−O bond cleavage of cyclohexanol is easier than that of
phenol and that Rh(211) is more active than Rh(111) for both
reactions. This indicates that phenol will react mainly following a
pathway of initial hydrogenation to cyclohexanol followed by
hydrodeoxygenation to cyclohexane. We show that there is a
general relationship between the transition state and the ﬁnal state
of both C−O cleavage reactions, and that this relationship is the
same for Rh(111) and Rh(211).
1. INTRODUCTION
Modern society relies on oil as the primary feedstock for the
production of transportation fuels. Not only are the reserves
limited and are getting ever more expensive to exploit,1,2 the
utilization of oil has also very negative environmental eﬀects as,
e.g., expressed by emissions of carbon dioxide. To divert the
production of transportation fuels to renewable resources is
therefore gaining increasing attention. In this concept,
lignocellulosic biomass is particularly interesting as it represents
the nonedible part of biomass and therefore does not compete
with societies food-supply.
There are several avenues that are currently being
investigated for the production of fuels from lignocellulosic
sources. Among them fast pyrolysis followed by upgrading
through hydrodeoxygenation (HDO) is particularly promis-
ing.3−5 The bio-oil that is derived from fast pyrolysis is
characterized by high viscosity and a high oxygen content. It is a
multicomponent mixture containing water and several hun-
dreds of compounds with a wide variety of functional groups
such as acids, aldehydes, ketones, phenolics, and alcohols.6
Among these, phenols are particularly abundant and bio-oil
often contains up to 30 wt % of phenolic compounds such as
phenols, guaiacols, and syringols.7 The most desired products
of HDO of these phenolic compounds are benzene and its
derivatives since the consumption of costly hydrogen is much
reduced when unsaturated molecules are produced.
HDO of phenolic compounds has been studied exper-
imentally mainly on supported noble and non-noble metals, as
well as sulﬁded Co/Ni−Mo catalysts, using phenol, guaiacol,
and diverse types of substituted phenol.3,6−21 Few studies
addressed HDO from a theoretical point of view, usually using
density functional theory (DFT) calculations.22−27 Due to the
complexity of phenols contained in bio-oil, model compounds
such as phenol and guaiacol are usually considered for studies
of catalytic hydrodeoxygenation. Guaiacol HDO has been
studied over Ru(0001) and Pt(111) surfaces,22−24 Fe−Ni
surfaces have been evaluated for the adsorption of furfural,25
and the dissociation of phenol to phenoxy has been investigated
on Pt,26 Rh,26 Pd,27 and Fe27 surfaces.
Received: March 22, 2016
Revised: July 22, 2016
Published: July 22, 2016
Article
pubs.acs.org/JPCC
© 2016 American Chemical Society 18529 DOI: 10.1021/acs.jpcc.6b02970
J. Phys. Chem. C 2016, 120, 18529−18537
This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.
Herein, we study the conversion of phenol to benzene and
cyclohexane on diﬀerent facets of rhodium catalysts using DFT
calculations. We chose rhodium as the starting point in our
investigations, taking into account that its catalytic properties
are often comparable to those of nonprecious metals like, e.g.,
Ni. We investigate both, the direct deoxygenation of phenol
yielding benzene via aromatic C−O bond scission and the
HDO of cyclohexanol (derived from phenol) yielding cyclo-
hexane. We address the structure sensitivity of these reactions
employing Rh(111) and Rh(211) surfaces to mimic the least
and most reactive facets of Rh particles. Using our DFT results
as an input we develop a microkinetic model of these reactions
and show how activity can be improved using a degree of rate
control analysis.
2. METHODS
2.1. Density Functional Theory Calculations. Plane-
wave periodic density functional theory (DFT) calculations
were performed using the Vienna Ab-initio Simulation Package
(VASP)28,29 and the Atomic Simulation Environment (ASE).30
The BEEF-vdW exchange−correlation functional31 was em-
ployed, as it has shown promising accuracy for the description
of chemisorption as well as physisorption properties on
transition metal surfaces.31,32 Rh(111) and Rh(211) surfaces
were modeled by periodic super cells containing four layers in
the direction perpendicular to the surface separated by ∼18 Å
of vacuum. The bottom two layers were kept ﬁxed at their bulk
positions, while the top two layers were allowed to relax. The
Rh(111) slab was modeled using a 5 × 5 unit cell. The Rh(211)
stepped surface consists of three-atoms columns comprising
Rh(111)-type terraces, separated by one atom high Rh(100)-
structure steps; this model is labeled as [3(111) × (100)] in
step notation. For this study we considered a unit cell
consisting of two terraces and ﬁve atoms in the direction
running along the terraces (6 × 5 atoms per unit cell surface).
That way, the Rh(111) and Rh(211) unit cells expose 25 and
30 surface Rh atoms, respectively. The gamma-centered k-point
meshes were 2 × 2 × 1.
The Rh 5s1, 4d8, the C 2s2, 2p2, the O 2s2, 2p4, and the H 1s1
electrons were treated as valence electrons, while the remaining
electrons were kept frozen as core states within the
representation of the projector-augmented wave (PAW)
method.33 The Kohn−Sham equations were solved self-
consistently using a plane-wave basis with a cutoﬀ energy of
500 eV and a ﬁrst order Methfessel−Paxton smearing of 0.2 eV.
Structural relaxations were performed according to the
Hellmann−Feynman scheme with the tolerance for the
maximum force acting on each atom being 0.02 eV/Å. All
calculations were performed using dipole-correction by adding
a compensating electric ﬁeld as implemented in the VASP code.
Adsorption energies on Rh(111) and Rh(211) surfaces were
deﬁned as follows:
Δ = _ −
+ _
E E E
E
[molecule/Rh surf] ( [molecule]
[Rh surf])
ads
(1)
where E[molecule/Rh_surf] is the total energy of a system
corresponding to a molecule adsorbed on Rh(111) or Rh(211)
surface, E[molecule] is the total energy of the molecule in
vacuum, and E[Rh_surf] is the total energy of the
corresponding free Rh(111) or Rh(211) surface.
The nudged elastic band (NEB) method34 has been applied
to locate all transition states. This method was followed by the
climbing-image NEB (CI-NEB)35 method to locate the
transition states more precisely. We checked the conﬁgurations
of all transition states by calculating the vibrational frequencies.
For each transition-state we obtained one imaginary vibrational
frequency conﬁrming a ﬁrst order saddle point. Vibrational
frequencies analysis was performed with a normal-mode
analysis by using a ﬁnite-diﬀerence approximation of the
Hessian matrix, as implemented in VASP, with a step size of
0.04 Å for the numerical diﬀerentiation.
The sensitivity of the DFT results with respect to the GGA
approach has been obtained through an ensemble of exchange-
correlation functionals representing the known computational
error of the BEEF-vdW functional for chemisorption energies
as reported elsewhere.36
2.2. Microkinetic Modeling. The kinetic model was solved
using CatMap, an open source microkinetic modeling
module.37,38 The model uses the mean-ﬁeld approximation,
and the rate equations are solved following a steady-state
approximation, iterating through a root-ﬁnding algorithm.
Convergence was reached when the coverages of all
intermediates change with less than 10−50. Two diﬀerent sites
have been considered: one for all adsorbates (free sites on Rh
surfaces) and one site for hydrogen. In this approach, hydrogen
is adsorbed on a special “hydrogen reservoir” site,39 not
competing with other adsorbates for a free site. The degree of
rate control (DRC) analysis was performed as implemented in
CatMap using the approach outlined in ref 40.
3. RESULTS
Herein we report density functional theory calculations of the
hydrodeoxygenation (HDO) of phenol and cyclohexanol on
Rh(111) and Rh(211) surfaces (see Figure 1). The ﬁrst section
deals with the HDO of phenol. This is followed by an
Figure 1. (a) Reaction network showing possible routes for phenol hydrodeoxygenation. (b) Reaction paths showing phenol hydrodeoxygenation
through direct deoxygenation (DDO) with aromatic C−O bond cleavage (path I) and hydrodeoxygenation of cyclohexanol (path II), which have
been studied on Rh(111) and Rh(211) in this work.
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investigation of cyclohexanol HDO. The last section shows the
outcome of microkinetic modeling of the processes on the two
diﬀerent surfaces.
3.1. Phenol Hydrodeoxygenation on Rh(111) and
Rh(211). Direct deoxygenation (DDO) is considered a
promising route for the production of aromatics from lignin
precursors.18,20,41 In the DDO of phenolic compounds, their
C−O bond is cleaved without prior hydrogenation of the
aromatic ring thus producing aromatic compounds directly.
Here, we use phenol as a representative of this class of
molecules. We assume the following pathway for the
production of benzene from phenol:
+ ∗ ↔ ∗C H OH(g) C H OH6 5 6 5 (2)
∗ + ∗ ↔ ∗ + ∗C H OH C H OH6 5 6 5 (3)
+ ∗ ↔ ∗H (g) 2 2H2 h h (4)
∗ + ∗ ↔ ∗ + ∗C H H C H6 5 h 6 6 h (5)
∗ + ∗ ↔ + ∗ + ∗H OH H O(g)h 2 h (6)
∗ ↔ + ∗C H C H (g)6 6 6 6 (7)
where * denotes an empty site on the surface and *h represents
an empty “hydrogen reservoir” site. In this reaction network,
phenol adsorbs on the surface (step 2), followed by cleavage of
its C−O bond to produce adsorbed benzyl (C6H5*) (step 3).
This benzyl is hydrogenated by surface bound hydrogen to
produce benzene (step 5). Desorption of hydroxyl as water
(step 6) and benzene (step 7) closes the catalytic cycle.
We start by investigating the adsorption of phenol on
Rh(111). The obtained geometry is similar to previous
theoretical studies26 with phenol being adsorbed in a ﬂat
position about 2.07 Å above the surface. The calculated
adsorption energy of phenol at 1/25 ML is −1.64 eV (see
Figure 2a,b for the structure). Here the coverage is deﬁned as
the number of adsorbates per surface Rh atoms. Note that due
to the size of phenol, approximately six atoms of the (111)
surface are covered by one molecule of phenol. Our calculated
adsorption energy for phenol on Rh(211) is −1.67 eV at 1/30
ML coverage (see Figure 2c,d for the structure), thus only
slightly larger than the value found for Rh(111). Coverages on
Rh(211) surfaces are deﬁned as the number of adsorbates
divided by the total number of surface atoms of the Rh(211)
slab. The BEEF-vdW value for benzene adsorption is calculated
to −1.67 and −1.55 eV for Rh(111) and Rh(211), respectively
(see Figure S8 for the structures). Adsorption energy of phenol
and benzene seems to be similar, and we also note that there is
no apparent structure sensitivity for the two surfaces
investigated here.
Table 1 compares our calculated results with those from
other theoretical studies. There are several studies on the
adsorption of benzene on Rh(111), and we note that the value
obtained with the BEEF-vdW functional is generally within the
reported range from −1.48 to −2.79 eV.42−44 We note that this
range is rather large, reﬂecting the diﬃculty of obtaining reliable
benzene adsorption energies on transition metal surfaces owing
to the problematic description of its aromaticity within density
functional theory.42 Generally it can be seen that using
functionals that account for dispersion forces bind benzene
strongest. Phenol adsorption on Rh(111) and Rh(211) has
been calculated earlier using the PW91 functional.26 While the
calculated phenol adsorption on Rh(211) of −1.79 eV is close
to the value obtained in this study (−1.67 eV), the calculated
phenol adsorption on Rh(111) is much larger being −2.79 eV
compared to our value of −1.64 eV. We note that the structure
of the adsorbed phenol in that study is rather similar to the one
calculated here, so that the large discrepancy in adsorption
energies must be related to the diﬀerences in functionals. It has
been shown previously that PW91 tends to systematically
overestimate binding energies of smaller adsorbates, whereas
BEEF-vdW does not show signiﬁcant mean-signed errors for
adsorption energies.32 Whether the diﬀerences are due to this
general trend, however, is diﬃcult to quantify. It has been
shown that BEEF-vdW tends to underestimate benzene
adsorption energies on Pt(111) surfaces.32 Given the similarity
between Rh and Pt, a similar trend could be expected, which
Figure 2. Most stable structures of phenol adsorbed on the Rh(111)
and Rh(211) slabs. Top (a) and side (b) views of phenol/Rh(111).
Top (c) and side (d) views of the phenol/Rh(211).
Table 1. Comparison of Benzene and Phenol Adsorption
Energies on Rh(111) and Rh(211) Surfaces
molecule surface functional
coverage
(ML)a
ΔEads
(eV)b ref
phenol Rh(111) BEEF-vdW 1/25 −1.64 this
work
Rh(211) BEEF-vdW 1/30 −1.67 this
work
Rh(111) PW91 1/25 −2.79 26
Rh(211) PW91 1/25 −1.79 26
benzene Rh(111) BEEF-vdW 1/25 −1.67 this
work
Rh(211) BEEF-vdW 1/30 −1.55 this
work
Rh(111) PBE 1/9 −1.48 42
Rh(111) PBE + vdW 1/9 −2.79 43
Rh(111) PBE +
vdWsurf
1/9 −2.52 42
Rh(111) optB88-vdW 1/9 −2.27 42
Rh(111) PW91 1/9 −1.53 44
aThese coverages are deﬁned as the number of gas molecules per
metal surface atom. bThese energies of adsorption are nonzero-point
energy (ZPE) corrected. ZPE are reported in Table S7 of the SI.
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would explain why adsorption values with BEEF-vdW are at the
lower end of the various data shown in Table 1.
We will now discuss the DDO pathway on Rh(111) where
phenol is hydrodeoxygenated to benzene and water. The free
energy diagram of this reaction is shown in Figure 3 (purple
lines). Adsorption of phenol (see Figure 3a) is followed by
cleavage of the C−O bond yielding C6H5* and OH* (see
Figure 3b,c for the structures of the C6H5−OH* transition state
and the C6H5* intermediate, respectively). An activation barrier
of 1.69 eV (ΔG = 1.55 eV) accompanies this reaction step. The
next step constitutes the dissociative adsorption of H2, which is
calculated to −0.60 eV. This value compares well with the
experimental value of −0.73 eV.32,45 The free energy of
hydrogen adsorption at 550 K is slightly endothermic by 0.07
eV (see Figure 3). The reaction of hydrogen with C6H5*
yielding adsorbed benzene (C6H6*) is calculated to have a
reaction barrier of 0.5 eV (ΔG = 0.47 eV) (see Figure 3d,e for
the structures of the C6H5−H* transition state and C6H6*).
The barrier for the formation of H2O from H*
h and OH* is
slightly higher being 0.87 eV (ΔG = 0.78 eV) (see Figure 3).
Desorption of benzene, which is calculated to have an
adsorption free energy of −1.67 eV, is closing the catalytic
cycle. Note that this step is still endothermic by 0.56 eV at a
reaction temperature of 550 K. Judging from the reaction free
energy diagram in Figure 3 it seems that possible obstacles for
the conversion of phenol to benzene on Rh(111) are the large
activation barrier for C−O cleavage and the strong adsorption
of both phenol and benzene, possibly leading to poisoning of
the surface.
The free energy diagram of phenol conversion to benzene on
the Rh(211) surface is also shown in Figure 3 (orange lines). In
Figure 3f we show the most stable structure for phenol
adsorption on the Rh(211) surface, while Figure 3g shows the
transition state for C−O bond break with the OH* being
opposite to its original position in Figure 3f. This implies a
180° rotation around an axis perpendicular to the surface
passing through the center of the aromatic ring, which leads to
the conﬁguration of higher energy (ΔEads = −1.35) that can be
seen in Figure S3d of the SI. Phenol then can cleave its C−O
bond leading to a stable conﬁguration as shown in Figure 3h.
The barrier for C−O bond cleavage is 1.14 eV (ΔG = 1.01 eV)
and thus signiﬁcantly lower on this surface (see Figure 3h for
the structure of the C6H5* intermediate). The same is true for
the chemisorption energies of C6H5* and OH* relative to gas-
phase phenol. These species bind 0.08 and 0.54 eV stronger on
the Rh(211) than on the Rh(111), respectively. Hydrogen
adsorption on Rh(211) is similar to Rh(111) and the barrier for
the reaction C6H5* + H*
h → C6H6* + *
h is nearly the same as
on Rh(111), 0.57 eV (ΔG = 0.53 eV) (see Figure 3i,j for the
structures of the C6H5−H* transition state and the C6H6*
intermediate, respectively). Interestingly, removal of OH* as
H2O is accompanied by a high reaction barrier of 1.33 eV (ΔG
= 1.24 eV) on Rh(211). The ﬁnal step is the desorption of
benzene, which is slightly less endothermic than on Rh(111)
being 0.44 eV at 550 K.
In order to analyze the diﬀerence in reactivity between
Rh(111) and Rh(211) in more detail we performed a
microkinetic analysis of the DDO of phenol to benzene, and
Figure 4 shows the turnover frequency (TOF) of this reaction
for Rh(111) (purple line) and Rh(211) (orange line) as a
function of temperature at 10 bar total pressure and phenol:H2
molar ratio of 1:9 at 1% conversion. DDO of phenol to
benzene has a negligible TOF of 3.9 × 10−6 site−1 s−1 at a
temperature of 550 K indicating that this reaction will hardly
take place on Rh(111) under these reaction conditions. The
Rh(211) surface, however, is calculated to have a TOF of 2.2 ×
10−1 site−1 s−1, an increase of 5 orders of magnitude compared
to Rh(111). Rh(211) thus presents a feasible site for the DDO
Figure 3. Gibbs free energy reaction pathways of the hydro-
deoxygenation of phenol to benzene on Rh(111) (purple line) and
Rh(211) (orange line) at a temperature of 550 K and standard
pressures of all gas-phase species. Structures of intermediates and
transition states C6H5OH*, C6H5−OH*, C6H5*, C6H5−H*, and
C6H6* adsorbed on Rh(111) and Rh(211) can be seen in subﬁgures
(a) to (e) and (f) to (j), respectively.
Figure 4. Logarithm of the turnover frequency (TOF) as a function of
temperature for the conversion of phenol to benzene on Rh(111)
(purple line) and Rh(211) (orange line) as calculated from a
microkinetic model and the data shown in Figure 3. Reaction
conditions are p = 10 bar, C6H5OH/H2 ratio = 1:9, and diﬀerential
reaction conditions (1% conversion).
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of phenol to benzene. Figure 5 shows the coverages of all
intermediates as a function of temperature, with the reaction
conditions being the same as those in Figure 4 (see Table S8 of
the SI for coverages of all intermediates at a temperature of 550
K). It can be seen that both surfaces are covered by close to 1
monolayer (ML) of adsorbates with Rh(111) having a coverage
of both phenol (0.91 ML) and benzene (0.09 ML) and
Rh(211) being covered by 0.99 ML of phenol under steady
state conditions and temperatures up to ∼700 and ∼600 K,
respectively. We highlight that this kinetic model is normalized
to yield a total coverage of all intermediates other than
hydrogen equal to 1. While this model uses the energies
computed above as an input, we stress that the coverages are
deﬁned diﬀerently as in Table 1, in an attempt to simplify the
model and the solution to the model. Note that hydrogen is
adsorbed on a diﬀerent lattice and hence does not compete
with the adsorption of other intermediates (see Methods
section).
We also performed an analysis of rate-determining steps
using Campbell’s degree of rate control (DRC),40 the results of
which are summarized in Table 2. As expected from the free
energy diagram in Figure 3, the transition state with the highest
DRC is the splitting of the C−O bond in phenol. Moreover,
the analysis shows that adsorbed phenol is the intermediate
with the highest DRC for both surfaces. An improved catalyst
would hence have a lower lying transition state for C−O bond
splitting while at the same time adsorbing phenol (and
benzene) more weakly.
3.2. Cyclohexanol Hydrodeoxygenation on Rh(111)
and Rh(211). Cyclohexanol is the product of the full
hydrogenation of the aromatic ring of phenol. Phenol can
hence be converted to alkanes such as cyclohexane and n-
hexane via the cyclohexanol intermediate (see Figure 1b).
While we do not investigate the mechanism of the hydro-
genation of phenol to cyclohexanol herein we note that
hydrogenation barriers for phenol are generally small on
transition metal surfaces as they are found to be within the
range 0.76 to 1.35 eV.23,24,27,46 Our focus here is to evaluate the
hydrodeoxygenation of cyclohexanol to cyclohexane on both
Rh(111) and Rh(211) and compare the reactivity of cyclo-
hexanol to that found for phenol. There are various routes for
the conversion of cyclohexanol to cyclohexane.27 The ﬁrst
pathway considers C−OH bond breaking as shown above for
phenol. Other possibilities are hydrogenation−dehydration
(HYD) routes where cyclohexanol would be dehydrated to
cyclohexene and water followed by the hydrogenation to
cyclohexane as well as other hydrogen assisted routes.
Theoretical studies on Fe(110) and Pd(111) surfaces indicate
that direct cleavage of the C−OH bond is faster than the HYD
as well as other routes.27 In addition, this contribution intends
to compare the cleavage of the C−O bonds in phenol and
cyclohexanol. We therefore restrict this study to the direct
cleavage of the C−OH bond in cyclohexanol. The resulting
pathway looks similar to that established for phenol above and
consists of the following reaction steps:
+ ∗ ↔ ∗C H OH(g) C H OH6 11 6 11 (8)
∗ + ∗ ↔ ∗ + ∗C H OH C H OH6 11 6 11 (9)
+ ∗ ↔ ∗H (g) 2 2H2 h h (10)
∗ + ∗ ↔ ∗ + ∗C H H C H6 11 h 6 12 h (11)
∗ + ∗ ↔ + ∗ + ∗H OH H O(g)h 2 h (12)
∗ ↔ + ∗C H C H (g)6 12 6 12 (13)
note that reaction steps 10 and 12 are identical to 4 and 6
above. The ﬁrst step of the catalytic cycle consists of the
adsorption of cyclohexanol (step 8), which is calculated to be
−0.66 and −0.91 eV on Rh(111) (see Figure 6a) and Rh(211)
(see Figure 6f), respectively (also see Figure S6 for structures).
Due to the large entropic loss upon adsorption, however, this
step is uphill in free energy at a reaction temperature of 550 K
for both surfaces (ΔG = 0.44 eV and ΔG = 0.19 eV for
Figure 5. Coverages of intermediates as a function of temperature for
the conversion of phenol to benzene on Rh(111) (top) and on
Rh(211) (bottom) as obtained from the steady state solution to the
microkinetic model. Reaction conditions are p = 10 bar, C6H5OH/H2
ratio = 1:9, and diﬀerential reaction conditions (1% conversion).
Coverages of C6H5* are below 10
−4 ML for the whole temperature
range considered (see Figure S11 of the SI for a logarithmic plot of all
coverages). Hydrogen is adsorbed on a hydrogen reservoir site, the
coverage of which is shown in the SI.
Table 2. Degrees of Rate Control of All Intermediates and
Transition States for the Conversion of Phenol to Benzene
on Rh(111) and Rh(211) As Obtained from the DRC
Analysisa
degree of rate control Xi
species Rh(111) Rh(211)
Intermediates
H*h 0.00 −0.01
C6H5OH* −1.82 −1.96
C6H5* 0.00 0.00
C6H6* −0.18 −0.01
OH* 0.00 −0.02
Transition States
C6H5−OH* 1.00 0.98
C6H5−H* 0.00 0.00
H−OH* 0.00 0.02
aReaction conditions are p = 10 bar, T = 550 K, C6H5OH/H2 ratio =
1:9, and diﬀerential reaction conditions (1% conversion).
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Rh(111) and Rh(211), respectively) (see Figure 6). Cleavage
of the C−O bond (step 9) is associated with barriers of 1.30
(ΔG = 1.16 eV) and 1.16 eV (ΔG = 1.02 eV) for Rh(111) (see
Figure 6b) and Rh(211) (see Figure 6g), respectively. The
structures of C6H11* intermediates on both Rh(111) and
Rh(211) surfaces can be observed in Figure 6c,h, respectively.
The next step consists of the addition of a hydrogen atom to
the cyclohexyl intermediate (C6H11*) (step 11) with barriers of
0.79 (ΔG = 0.78 eV) and 0.61 eV (ΔG = 0.57 eV) on Rh(111)
(see Figure 6d) and Rh(211) (see Figure 6i) surfaces,
respectively. As discussed for the DDO of phenol, removal of
OH* from the surface is more diﬃcult for Rh(211) compared
to Rh(111). The last step of the catalytic cycle consists of
desorption of cyclohexane (step 13). The adsorption energy of
cyclohexane is −0.46 and −0.47 eV for Rh(111) (see Figure
6e) and Rh(211) (see Figure 6j), respectively (also see Figure
S9 for structures), so that the desorption becomes exothermic
at 550 K (ΔG = −0.50 eV and ΔG = −0.49 eV, respectively).
The diﬀerence in reactivity between Rh(111) and Rh(211) is
analyzed in more detail using a microkinetic analysis of the
HDO of cyclohexanol to cyclohexane. This is shown in Figure
7 where the TOF is plotted as a function of temperature for
Rh(111) (purple line) and Rh(211) (orange line). Similar to
the DDO of phenol, the activity of Rh(211) is higher than that
of Rh(111). In this case the TOF diﬀer by about 3 orders of
magnitude with Rh(211) having a TOF of 1.5 × 101 site−1 s−1
and Rh(111) a TOF of 2.5 × 10−2 site−1 s−1. It thus seems that
both Rh(211) and to some extent Rh(111) are able to convert
cyclohexanol to cyclohexane at 550 K. Figure 8 shows the
coverages of all intermediates as a function of temperature, with
the reaction conditions being the same as in Figure 7. Due to
the weak binding of cyclohexanol and cyclohexane there are no
appreciable coverages of these intermediates and Rh(111) is
essentially free of any adsorbates (with the coverage of free
sites, θ*, being close to 1). On Rh(211), however, adsorption
of OH* is still strong and we calculate an OH* coverage of 0.58
ML at a reaction temperature of 550 K at steady state (see also
Table S9 of the SI).
Rate-controlling steps are analyzed using the DRC method,
the results of which are summarized in Table 3. The DRC of
the C−O bond splitting is 1 in the case of Rh(111). For
Rh(211), however, the DRC of this step is only 0.27 with the
hydrogenation of adsorbed OH* to yield water having a DRC
Figure 6. Gibbs free energy reaction pathways of the hydro-
deoxygenation of cyclohexanol to cyclohexane on Rh(111) (purple
line) and Rh(211) (orange line) at a temperature of 550 K and
standard pressures of all gas-phase species. Structures of intermediates
and transition states C6H11OH*, C6H11−OH*, C6H11*, C6H11−H*,
and C6H12* adsorbed on Rh(111) and Rh(211) can be seen in
subﬁgures (a) to (e) and (f) to (j), respectively.
Figure 7. Logarithm of the turnover frequency (TOF) as a function of
temperature for the conversion of cyclohexanol to cyclohexane on
Rh(111) (purple line) and Rh(211) (orange line) as calculated from a
microkinetic model and the data shown in Figure 6. Reaction
conditions are p = 10 bar, C6H11OH/H2 ratio = 1:9, and diﬀerential
reaction conditions (1% conversion).
Figure 8. Coverages of intermediates as a function of temperature for
the conversion of cyclohexanol to cyclohexane on Rh(111) (top) and
Rh(211) (bottom) as obtained from the steady state solution of the
microkinetic model. Reaction conditions are p = 10 bar, C6H11OH/H2
ratio = 1:9, and diﬀerential reaction conditions (1% conversion).
Coverages of C6H11* and C6H12* are below 10
−4 ML for the whole
temperature range considered (see Figure S12 of the SI for a
logarithmic plot of all coverages). Hydrogen is adsorbed on a
hydrogen reservoir site the coverage of which is shown in the SI.
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of 0.73. In addition, while no intermediates have any DRC for
Rh(111) the OH* intermediate has a DRC of −0.74 on
Rh(211), again indicating its strong binding to the Rh(211) site
that is also evident from its high coverage under reaction
conditions. The model employed here does only consider the
reaction of cyclohexanol to cyclohexane without any aromatics
in the reaction mixture. However, under phenol HDO
conditions there would be phenol and perhaps also benzene
present, which would heavily cover the surface due to their
strong adsorption energies (see also above). The rates
calculated here do therefore represent an upper bound of
cyclohexanol HDO in the limit where there are negligible gas-
phase concentrations of phenol and benzene.
4. DISCUSSION
Comparing C−O bond splitting over Rh(111) and Rh(211) we
ﬁnd that the latter surface is more active for both types of C−O
bond splitting considered. As might be expected, C−O bond
splitting of adsorbed phenol is more diﬃcult than for
cyclohexanol. While Rh(211) is calculated to be able to split
the C−O bond in both, phenol and cyclohexanol, with
appreciable rates, Rh(111) is unable to convert phenol. In an
attempt to identify factors governing the structure−activity
relationships of C−O bond splitting we turn our attention to
the correlation between the transition and ﬁnal state energy of
the C−O bond breaking reactions. The resulting transition-
state scaling relation47 is shown in Figure 9. Apart from the data
herein, we also included similar data on various transition metal
surfaces calculated with other functionals such as the PW91 and
PBE functional. While it seems counterintuitive to compare the
results of diﬀerent functionals, especially when these functionals
obtain very diﬀerent results regarding adsorption energies (see
Table 1), we stress here that our focus lies on the correlation
between the transition state energy (ΔETS) and the ﬁnal state
energy (ΔEFS) rather than their absolute values. As evident
from Figure 9, there is a strong correlation between ΔETS and
ΔEFS for all data points considered. We performed a sensitivity
analysis of our calculated values using the BEEF-vdW ensemble
of exchange correlation functionals,31,36 and the results are
shown as principle component ellipses in Figure 9. While the
error of our calculated results is estimated to ±0.3 eV, we note
that there is a strong correlation between ΔETS and ΔEFS
indicative of a general scaling that is independent of the
functional used. This is also evident when comparing our
results to data obtained with the PBE and PW91 functional
(see Figure 9) that generally follows the same transition state
scaling relation. Interestingly, C−O bond breaking for both
surfaces, Rh(111) and Rh(211) lies roughly on the same scaling
line, and the rate increase observed between Rh(111) and
Rh(211) for the two reactions considered here (see Figures 4
and 7) is solely due to a shift along the scaling line toward
stronger binding.
We investigated the HDO of phenol and cyclohexanol using
5 × 5 and 6 × 5 surfaces to present the active sites of Rh(111)
and Rh(211), respectively. We thus assume a moderate
coverage with distances between, e.g., two phenol molecules
on Rh(111) being 8 Å. We note, however, that there may be
adsorbate−adsorbate interactions at higher coverages that may
decrease the binding energy of phenol as well as other
intermediates and transition states. This coverage dependence
would ultimately also have to be included in the microkinetic
model in order to draw a more realistic picture of the reactions
investigated here. We also point out that the description of
adsorption energies of phenol and benzene with DFT is
diﬃcult, as also reﬂected by the wide range of values reported in
Table 3. Degrees of Rate Control of All Intermediates and
Transition States for the Conversion of Cyclohexanol to
Cyclohexane on Rh(111) and Rh(211) As Obtained from
the DRC Analysisa
degree of rate control Xi
species Rh(111) Rh(211)
Intermediates
H* 0.00 −0.38
C6H11OH* 0.00 −0.01
C6H11* 0.00 0.00
C6H12* 0.00 0.00
OH* 0.00 −0.74
Transition States
C6H11−OH* 1.00 0.27
C6H11−H* 0.00 0.00
H−OH* 0.00 0.73
aReaction conditions are p = 10 bar, T = 550 K, C6H11OH/H2 ratio =
1:9, and diﬀerential reaction conditions (1% conversion).
Figure 9. Correlation between transition state energies (ΔETS) and
ﬁnal state energies (ΔEFS) for C−O bond breaking in C6H6−O*
(squares), C6H5−OH* (circles), C6H6−OH* (triangles), and C6H11−
OH* (routes) on Fe(110) (yellow), Pd(111) (gray), Ru(0001)
(magenta), Pt(111) (green), Rh(111) (purple), and Rh(211)
(orange). All energies are taken relative to the gas-phase molecules
(either phenol or cyclohexanol). In the case of C6H6−OH* this
corresponds to gas-phase phenol and 1/2 gas phase H2. Data points
a−d are taken from this study, while 1−9 are taken from the literature.
Ellipsoid axes for a−d are determined from a principal component
analysis of the Bayesian error estimation ensembles.36 Data points are
[a] C6H5−OH* on Rh(111) calculated with BEEF-vdW; [b] C6H5−
OH* on Rh(211) calculated with BEEF-vdW; [c] C6H11−OH* on
Rh(111) calculated with BEEF-vdW; [d] C6H11−OH* on Rh(211)
calculated with BEEF-vdW; [1] C6H6−O* on Fe(110) calculated with
PW91;27 [2] C6H5−OH* on Fe(110) calculated with PW91;27 [3]
C6H6−OH* on Fe(110) calculated with PW91;
27 [4] C6H6−O* on
Pd(111) calculated with PW91;27 [5] C6H5−OH* on Ru(0001)
calculated with PBE;22 [6] C6H5−OH* on Ru(0001) calculated with
PBE-D3;23 [7] C6H6−OH* on Ru(0001) calculated with PBE-D3;23
[8] C6H5−OH* on Pt(111) calculated with PBE-D3;24 [9] C6H6−
OH* on Pt(111) calculated with PBE-D3.24 Note that the extra
hydrogen of C6H6−OH* is located on the ortho carbon atom for data
points [7] and [9] and that the carbon atom is attached to the OH*
for data point [3].
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the literature (see Table 1). It is therefore conceivable that the
error might be substantial and higher than our estimation using
the Bayesian error estimation ensemble suggests (see Figure 9).
One way to target these uncertainties is to include correction
schemes to systematically account for the errors associated with
DFT.48
5. CONCLUSIONS
We established trends in the C−O bond breaking of phenol
and cyclohexanol and investigated the structure sensitivity of
these reactions. We found that C−O bond breaking is easier in
cyclohexanol owing to the hydrogenation of the aromatic ring
before cleavage, which weakens the C−O bond energy.
Furthermore, the stepped Rh(211) surface is more active
than Rh(111). The increase in activity, however, is solely due to
the increased binding of the ﬁnal state after cleavage and both
surfaces are subject to the same transition-state scaling. Our
analysis indicates that rhodium catalysts should be able to break
the C−O bonds in both, phenol and cyclohexanol, with an
appreciable rate. If benzene is the desired product, one would
have to ﬁnd ways to suppress hydrogenation of the aromatic
ring in phenol and/or benzene. From a thermodynamic point
of view, this could be obtained through a low hydrogen
pressure and a high temperature. We established a relationship
between transition state energies of C−O bond cleavage and
the ﬁnal state. This descriptor-based approach for the analysis
of C−O cleavage trends presents a ﬁrst important step toward
the computational design of HDO catalysts.
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